Incoherent broadband cavity-enhanced absorption spectroscopy in the near-ultraviolet: application to HONO and NO2 by Gherman, Titus et al.
Title Incoherent broadband cavity-enhanced absorption spectroscopy in the
near-ultraviolet: application to HONO and NO2
Author(s) Gherman, Titus; Venables, Dean S.; Vaughan, Stewart; Orphal,
Johannes; Ruth, Albert A.
Publication date 2008-02
Original citation Gherman, T.,Venables, D. S.,Vaughan, S.,Orphal, J., Ruth, A. A.; (2008)
'Incoherent broadband cavity-enhanced absorption spectroscopy in the
near-ultraviolet: Application to HONO and NO2'. Environmental
Science & Technology, 42 (3):890-895. doi: 10.1021/es0716913
Type of publication Article (peer-reviewed)
Link to publisher's
version
http://pubs.acs.org/doi/abs/10.1021/es0716913
http://dx.doi.org/10.1021/es0716913
Access to the full text of the published version may require a
subscription.
Rights Copyright © 2008 American Chemical Society. This document is the
Accepted Manuscript version of a Published Work that appeared in
final form in Environmental Science & Technology, copyright ©
American Chemical Society after peer review and technical editing
by the publisher. To access the final edited and published work see
http://pubs.acs.org/doi/abs/10.1021/es0716913
Item downloaded
from
http://hdl.handle.net/10468/796
Downloaded on 2017-02-12T12:54:48Z
Incoherent broadband cavity-enhanced absorption spectroscopy  
in the near-ultraviolet: Application to HONO and NO2
 
 
 
Titus Gherman,1 Dean S. Venables,2 Stewart Vaughan,1 Johannes Orphal1, 3 and Albert A. Ruth1,*
 
 
 
1Department of Physics and 2Department of Chemistry, University College Cork, Cork, Ireland  
 
3Permanent address: Laboratoire Interuniversitaire des Systèmes Atmosphériques, Créteil, France 
 
 
 
 
Abstract 
 
The first application of incoherent broadband cavity-enhanced absorption spectroscopy (IBBCEAS) in 
the near ultraviolet for the simultaneous detection of two key atmospheric trace species, HONO and 
NO2, is reported. For both compounds the absorption is measured between 360 and 380 nm with a 
compact cavity-enhanced spectrometer employing a high power light-emitting diode. Detection limits 
of ~4 ppbv for HONO and ~14 ppbv for NO2 are reported for a static gas cell setup using a 20 s 
acquisition time. Based on an acquisition time of 10 min and an optical cavity length of 4.5 m 
detection limits of ~0.13 ppbv and ~0.38 ppbv were found for HONO and NO2 in a 4 m3 atmospheric 
simulation chamber, demonstrating the usefulness of this approach for in situ monitoring of these 
important species in laboratory studies or field campaigns.  
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Introduction 
Many important atmospheric trace gases possess strong absorption bands in the near-ultraviolet (near-
UV) and excitation of several species in this spectral region is closely tied with important 
photochemical cycles in the troposphere. The near-UV photolysis of HONO, formed by e.g. 
heterogeneous chemistry involving NO2, is a source of the primary daytime oxidant, the hydroxyl 
radical (OH). Hence monitoring HONO as a precursor of OH is important to furthering our 
understanding of tropospheric oxidation processes. The mechanisms of HONO formation in the 
troposphere are still not well understood (1,2). Although it is generally agreed that heterogeneous NO2 
chemistry is probably the most important source of HONO (3,4), modelled HONO concentrations are 
often significantly below observed values (5,6). Since the photochemistry of HONO is closely 
connected to that of NO2 (7-9), whose A←X absorption band (320-660 nm) also reaches into the near-
UV region, the measurement of time-dependent HONO and NO2 mixing ratios by monitoring both 
species simultaneously is particularly interesting (10). Notwithstanding HONO and NO2, there are 
many other atmospherically relevant species that also absorb in the near-UV, such as SO2, H2CO, BrO, 
OClO and acetone. The further development of sensitive absorption methods in the near-UV would 
thus benefit both field observations and laboratory studies. 
Sensitive absorption spectroscopy of gases requires a long optical path. Pathlengths of up to several 
kilometres, as in long-path differential optical absorption spectroscopy (DOAS) and its variations (11), 
have been used for tropospheric sensing in the ultraviolet for several decades. A key feature of DOAS 
systems is their use of a relatively wide spectral window, which allows the simultaneous detection of 
multiple absorbing species. However, the long absorption paths utilized in DOAS systems are a 
disadvantage when small spatial variations in the atmosphere’s composition are of interest (11-14). For 
atmospheric absorption measurements requiring high spatial resolution as well as high sensitivity, 
optically stable cavities can be used to trap light between two highly reflecting dielectric mirrors, 
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thereby creating a long effective absorption pathlength (15). In cavity-enhanced absorption 
spectroscopy, light is trapped between two highly reflecting dielectric mirrors, resulting in a long 
effective absorption pathlength. Among cavity-based techniques, cavity ring-down spectroscopy 
(CRDS) has been successfully employed for extremely sensitive field measurements of molecules with 
strong absorption features in the visible (16). However, using CRDS for field observations in the 
ultraviolet poses challenges in the design of a compact, cost-effective instrument. Monitoring multiple 
species with good time resolution is also difficult to realize with CRDS unless a broadband approach is 
taken (17). 
Incoherent broadband cavity-enhanced absorption spectroscopy (IBBCEAS), an approach developed 
in our group (18-20), combines the flexibility of a wide spectral window with the sensitivity and 
compactness provided by cavity-enhanced absorption methods. Thus far, IBBCEAS has been applied 
solely to species absorbing in the visible region of the spectrum, for instance, to NO2 absorbing in 
around 450 nm (21) and NO3 absorbing at 662 nm (19). 
The aims of the present work are (i) to extend IBBCEAS into the near-ultraviolet for the first time, (ii) 
to illustrate the utility of the method by focusing on the simultaneous detection of HONO and NO2 
between 360 and 380 nm in laboratory studies, and (iii) to discuss issues relating to the adoption of 
IBBCEAS for in situ field experiments in the near-UV. 
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Experimental 
An IBBCEAS setup was used in conjunction with two different gas chambers: (1) A small 1.4 dm3 
stainless steel chamber, in the following referred to as ‘chamber A’. (2) A 4 m3 atmospheric simulation 
chamber described in a previous publication (19), referred to as ‘chamber B’. A schematic diagram of 
the IBBCEAS setups is shown in Figure 1. The optical cavity in both chambers was formed by two 
adjustable highly reflecting mirrors (Layertec GmbH), which were attached to a vacuum chamber by 
flexible stainless steel bellows. The mirrors were separated by 115 cm for measurements with chamber 
A and by 4.5 m for chamber B. The mirrors’ radius of curvature  was 500 cm and their maximum 
reflectivity was centered at ca. 365 nm. Light from a 105 mW ultraviolet light-emitting diode 
(Omicron/Latronics) was focused into the optical cavity. The emission of the temperature stabilized 
light-emitting diode (LED) peaked at 365 nm and is shown in Figure 2a. Short-term variations in the 
total LED output intensity were about 1% for successive 10 s scans; a 1.1% decrease was observed in 
the output of the LED over an hour. Light exiting the cavity was focused into a spectrograph  equipped 
with a CCD detector (Andor DV-401BV, 1024 pixels). Spectrographs with slightly different spectral 
dispersions were used in experiments with chamber A (Oriel MS127i) and chamber B (Newport 
MS125). Both spectrographs utilized a 1200-l/mm grating and a 50 μm slit width. Their different 
effective focal lengths resulted in resolutions of 0.35 and 0.5 nm respectively. The calibration of the 
wavelength scale was based on a second-order polynomial fit to eight emission lines of a low pressure 
Hg/Ne discharge lamp; the uncertainty of the absolute wavelength calibration was ±0.01 nm. 
Although the emission of the LED at wavelengths longer than 385 nm is much weaker than that at the 
emission maximum, the transmission of the cavity is several orders of magnitude greater because the 
reflectivity of the mirrors falls off rapidly at these longer wavelengths. An ultraviolet band-pass filter 
(Semrock) was therefore placed between the LED and the cavity (see Figure 1) to cut the light outside 
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the wavelength range of interest (see Figure 2b-d). The pressure in chamber A was measured with a 
capacitance manometer (Leybold CTR-90) with an accuracy of ca. 0.05 mbar.  
HONO may be formed by two different reactions under our experimental conditions (22,23): 
NO2 + NO + H2O      2 HONO        (R1) R
2 NO2 + H2O (+ hν)    R     HONO + HNO3     (R2) 
For reaction R2 light is not essential but it increases the reaction rate of HONO formation (24).  
 
Chamber A was primed with water vapor and then evacuated for several hours to pressures of ~10-3 
mbar. Subsequent introduction of ca. 25 mbar of a dilute NO2/N2 mixture (ca. 1:300) resulted in the 
immediate formation of HONO, which was readily identified by its absorption band at 368 nm (see 
Figure 2e (24)).#1  
Chamber B was filled with ca. 6000 ppm water (measured with a Vaisala hygrometer) well in excess 
of NO2 which was added at ppbv level. The gas mixture was exposed to UV and visible light. When 
HONO formation was observed the chamber was purged with dry air in order to lower the HONO 
concentration to an appropriate level for the measurement. Experiments in chamber B were performed 
at ca. 1010 mbar. 
 
Because NO is an inherent impurity in the NO2/N2 mixture it is impossible to distinguish between 
reaction (R1) and (R2) as the primary pathway for HONO production. There was no evidence for light 
in the cavity lowering the mixing ratio of NO2 during measurements with either chamber (cf. section 
on calibration below). 
The absorption coefficient of the gas mixture inside the cavity was determined using (18):  
                                                 
#1 The adjacent absorption peaks of HONO at 354 nm and 383 nm were also observed, but the signal-to-noise ratio of these 
absorption features was significantly worse owing to the lower LED intensity at these wavelengths. 
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where α(λ) [cm-1] is the absorption coefficient of the sample, R is the mirror reflectivity, L [cm] is the 
separation of the mirrors and I0 and I are, respectively, the intensities of light transmitted by the cavity 
in the absence and presence of the absorbing species. For the measurement of I0 chamber A  was 
evacuated, whereas chamber B was flushed for 24 hours with dry air. I0 was measured immediately 
before filling both chambers with a sample for measurements of I. All quantities in eq (1) are 
wavelength dependent except for L.  
 
Calibration of the mirror reflectivity 
The mirror reflectivities were calibrated (19) by relating the measured absorption of a known number 
density of NO2 ( ) in the cavity to the absorption coefficient, 
2
NOn
2 2
NO NOα n σ= , calculated with the 
literature absorption cross-section of NO2 ( 2NOσ ) (25), according to eq 1.  
For measurements with chamber A a dilute NO2/N2 mixture (1:300) was made from known partial 
pressures of NO2 and N2; 5 to 20 mbar of this mixture were used for the calibration. It was found that 
the absorption of the mixture decreased typically by 10% over 2 min because of the adsorption of 
gaseous NO2 on the walls of the chamber. The initial decrease in the absorption was not due to 
photolysis of NO2 because blocking the LED light did not affect the rate of change of the absorption. 
Due to the decrease of NO2 absorption, calibration measurements were taken with 20 s accumulation 
time immediately after introducing the mixture into the chamber. This approach gave mirror 
reflectivity spectra (cf. Figure 2c) of satisfactory reproducibility. Between 355 and 383 nm a fifth-
order polynomial was fitted to the experimental mirror reflectivity and was used in the spectral 
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analysis. The effective maximum mirror reflectivity of 0.9985 was found at 365 nm. The uncertainty 
of the (1 – R) term was estimated to be about 20% based on variations between several calibrations.   
For measurements with chamber B, FTIR spectra of the ν1+ν3 band of NO2 were measured (19) 
between 2820 and 2940 cm–1 simultaneously with the NO2 absorption in the near-UV under steady 
state conditions. The NO2 mixing ratio was obtained from the integrated area of the FTIR absorption 
spectrum using the sum of the NO2 line intensities from the HITRAN database (26) as a reference. 
From several calibration measurements at 4420 ppbv of NO2 an effective maximum reflectivity of 
R=0.9994 ca. 367 nm was derived. For chamber A experiments the mirror reflectivity was observed to 
degrade at a much higher rate than for chamber B experiments, due to the significantly smaller volume 
of chamber A and the fact that some NO2 was readily adsorbed on the chamber walls. This explains 
the different mirror performances observed in conjunction with the two different chambers.#2
 
Results and Discussion 
(A) HONO and NO2 measurements 
Figure 3 shows the IBBCEAS spectrum of a HONO / NO2 mixture in chamber A taken with an 
integration time of 20 s. After initial HONO formation in the cavity (see previous section)  the pressure 
in the cell was adjusted by gradual pumping in order to obtain appropriate HONO concentrations for 
the absorption measurement.  
Figure 4 shows the IBBCEAS spectrum of HONO and NO2  in air at a pressure of ca. 1010 mbar in 
chamber B. It was taken with an integration time of 10 min. 
The number densities of HONO and NO2 were evaluated from fits of eq 2 to the measured absorption 
coefficient 
( ) ( ) ( )
2 2HONO HONO NO NOα n nλ σ λ σ λ λ= + a b+ +
                                                
,                                       (2) 
 
#2 The manufacturer’s specification of the maximum reflectivity is 0.9995. 
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where nHONO and are the number densities [molecule cm
2NOn
-3] and σHONO and
2NOσ are the absorption 
cross-sections [cm2 molecule-1] of HONO and NO2. The absorption cross-sections of HONO and NO2 
reported by Stutz et al. (24) and Burrows et al. (25), respectively, were convoluted with the instrument 
function of the spectrograph. The parameters a [cm-1 nm-1] and b [cm-1] in eq 2 account for a linearly 
changing unspecified background in the spectra. If the background in Figure 3 (about 2×10-7 cm-1) 
arises solely from changes in the LED emission, this would correspond to a fractional decrease in the 
LED emission of ca. 2% from the measurement of I0 to that of I. The fits of eq 2 to the overall 
absorption coefficient, α, for the two measurements are shown in Figure 3 and 4 (red solid lines). The 
fits agree well with the measured data and account for all significant absorption structures in the 
spectrum. The individual contributions of both species to α (dotted traces), the linear background 
(straight dashed trace), and the fit residuals (lower panel) are also shown in Figures 3 and 4. The 
number densities of HONO and NO2 found in the fit shown in Figure 3 are 9.1 ± 0.3×1011 molecule 
cm-3 and 10.6 ± 0.7×1011 molecule cm-3, respectively (in air at 1 bar and 20oC these number densities 
correspond to mixing ratios of 36.5 ± 1.2 ppbv and 42.4 ± 2.8 ppbv). The corresponding uncertainties 
from the non-linear least-square fitting are merely a measure for the quality of the fit. The true error of 
the number densities is dominated by systematic uncertainties discussed above. The dependence of the 
fit parameters on the spectral window was evaluated for several wavelength ranges between 366 nm 
and 380 nm (see Table 1). Depending on the width of the spectral range, the retrieved HONO number 
densities vary between 9.1×1011 and 10.0×1011 molecule cm-3, with statistical uncertainties (one 
standard deviation) between 1 and 10%. The NO2 number densities in Table 1 vary between 10.6×1011 
and 13.4×1011 molecule cm-3, with statistical uncertainties between 4 and 8%. This shows that the 
choice of the specific spectral range in the evaluation procedure is not critical and that the variations in 
the fit parameter values do not exceed the overall error in the HONO and NO2 number densities (see 
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below). The best results (with statistical uncertainties of 1–2% for HONO and of 3–7% for NO2) are 
obtained using a fitting window (366–378 nm) that includes both the HONO peak around 368 nm and 
the strongest NO2 features around 376 nm (cf. Figure 3).  
The error in the measured α is determined by the uncertainty contributions of each factor in eq 1. Since 
the uncertainty of the factor (1 – R) is much larger than the uncertainties of (ΔI / I) and L, α is also 
accurate to within 20% (see above). In addition, the uncertainties associated with the literature 
absorption cross-sections are ~5% for both HONO (24) and NO2 (25). The resulting overall 
uncertainties of the HONO and NO2 number densities of ca. 20% are hence dominated by systematic 
errors of the IBBCEA method.   
 
A signal-to-noise ratio (SNR) of 17 for the chamber A measurement was estimated by dividing the 
largest absorption difference in the relevant absorption range by the 1σ rms value of the residuals 
(2.0×10-8 cm-1) of the fit.  Assuming a 2:1 SNR to be sufficient for unambiguously identifying HONO 
and NO2, the corresponding detection limits for both species are ~4 ppbv and ~14 ppbv respectively. 
These limits  are based on a 20 s integration time according to the measurement in Figure 3. Based on 
these findings a detection limit of ~0.19 ppbv for HONO can be expected for chamber B experiments 
for integration times of 10 min and a resonator length of 4.5 m. Similarly for NO2, a detection limit of 
~0.66 ppbv is plausible under the same conditions. Finally, further improvement is possible using 
cavities with a higher finesse than in chamber A experiments (27). 
The absorption spectrum in Figure 4 was measured with a 10 min integration time using chamber B 
(cavity length: 4.5 m). It exhibits a greater SNR than the spectrum in Figure 3, even though the 
retrieved mixing ratios for HONO (2.7 ± 0.1 ppbv) and NO2 (2.4 ± 0.1 ppbv) are lower than in the 
chamber A measurement. From the SNR≈44 for HONO and the SNR≈16 for NO2 detection limits of 
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≈0.13 ppbv and ≈0.30 ppbv can be estimated based on a SNR of 2:1. This result is in good agreement 
with our estimate based on the chamber A experiments. The fact that chamber A experiments were 
performed at low pressure as opposed to chamber B experiments did not affect the anticipated 
detection limits since additional losses due to Rayleigh scattering are negligibly small in comparison to 
(1-R) – see discussion below. In fact chamber B experiments were more straightforward to perform 
due to the significantly larger volume to surface ratio of chamber B in comparison to chamber A. Wall 
losses of NO2 were significantly reduced in chamber B leading to an overall better mirror performance 
because the reflectivities were virtually not affected through filling chamber B. This is the reason why 
detection limits for the chamber B experiment are slightly smaller than estimated from chamber A 
experiments. 
The detection limit of the chamber B experiment can be compared with those of numerous other 
approaches to monitor HONO: (i) Optical methods: Long-path DOAS systems have been used to 
monitor HONO and NO2 in the atmosphere for several decades (28-31). A typical LP-DOAS system 
with an optical path of about 1000 m has detection limits of ~0.1 ppbv to HONO and ~0.6 ppbv to 
NO2 for an acquisition time of ca. 20 min. Atmospheric HONO has also been detected using infrared 
diode-laser spectroscopy (32) with a detection limit of 0.3 ppbV averaged over 30 min, using a White 
cell with an optical path of 126 m. In the laboratory Fourier transform infrared spectroscopy (33) and 
cavity ring-down spectroscopy (34) have also been used for absorption measurements of HONO with 
detection limits of ~5 ppbv for acquisition times of ca. 20 min and 15 s, respectively. (ii) Wet chemical 
methods: Techniques employing wet chemical sampling followed by chromatographic approaches (35-
37) or UV detection (38), and methods using diffusion denuders in combination with ion 
chromatography (39-45) generally possess smaller detection limits than optical methods, but may have 
very long sampling times (46). Short integration times in conjunction with ultra-high detection limits 
have been reported for a technique that uses wet chemical sampling in combination with long-path 
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absorption photometeric (LOPAP) detection. For a 4 min integration time detection limits of 3-6 pptv 
have been achieved with this method (38,47). Recently Beine et al. have reported a 3σ detection limit 
of <0.5 pptv for an acquisition time of ca. 5 min (37) through derivatization and subsequent HPLC 
separation. With a similar approach Huang et al. (36) reported a detection limit of ~1 pptv in a 
sampling time of ca. 2 min. (iii) Other methods: Measurement of chemiluminescence, as routinely 
used in NOx monitors for the detection of NO2 with typical sensitivities below 0.1 ppbv in a 1 min 
sampling time, can also be applied to the detection of HONO (48,49). Recently Liao et al. (50) 
achieved a detection limit for HONO of 10 pptv in 10 min by measuring the fluorescence of OH after 
laser-based photo-fragmentation of HONO. Finally, another new approach uses thermal dissociation of 
HONO coupled with chemiluminescent detection of NO for the detection of HONO (51). 
The choice of detection method for HONO and NO2 does not only depend on the ultimate 
detection limit of the instrumental approach, but also on the constraints concerning the experimental 
environment and the requirements and goals of a specific application. In this context near-UV 
IBBCEAS is characterized by several favourable features: (i) Both open and closed path 
configurations are possible with this approach. Open path measurements do not depend on the 
extraction of gases and are therefore immune from inlet wall losses that are difficult to quantify. 
Alternatively, in closed path experiments with IBBCEAS the sample input can be controlled by 
filtering aerosols or by including a chemical reactor in the input stream. (ii) The approach measures 
local mixing ratios and has a high spatial resolution. (iii) The simultaneous detection of multiple 
species is possible. (iv) Chemically interfering species, which mostly affect wet chemical approaches 
(35,38,50-52), can be accounted for in the data analysis. 
The results presented above show that the IBBCEAS instrument presented here is appropriate 
for simultaneous measurement of HONO and NO2 in polluted urban air masses, where early morning 
mixing ratios of up to 10 ppbv HONO (43) and over 100 ppbv NO2 (31) may occur. Since the 
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concentrations of both species inside houses (13) and vehicles (14) can be several times higher than 
these levels, the IBBCEAS approach could also be used for indoor in situ measurements. The 
technique will also be useful in laboratory studies of these species and for real-time measurements 
across atmospheric simulation chambers, as demonstrated here.  
 
(B)  Practical aspects of IBBCEAS in the near UV 
While the principle of IBBCEAS is equally applicable in the ultraviolet as in the visible region of the 
spectrum, both the choice of the light source, and the optimization of the mirror reflectivity in 
conjunction with increased UV scattering losses, need to be considered. 
Light source: In the near UV high intensity broadband light sources, such as arc lamps, are on the one 
hand very flexible in terms of their use in different spectral regions, on the other hand they require 
careful spectral filtering of the excitation light in order to minimize stray light levels in the 
spectrograph. The background light level in the spectrograph is particularly problematic because the 
relative transmission of the cavity outside the high reflectivity range of the dielectric mirrors is several 
orders of magnitude higher than the transmission at the centre of the mirror reflectivity. In comparison, 
high power UV-LEDs, as in the present setup, offer the advantage of a relatively narrow spectral 
output and therefore require less stringent filtering. (Even though the LED used in this work has a 
narrow emission band, some light is transmitted through the cavity to the long-wavelength side of the 
main LED output (cf. Figure 2d, ~390 nm)). LEDs have other practical advantages including excellent 
short and long-term stability, compactness, and low power consumption (53,54). Indeed, Ball et al. 
(55) recently also reported the use of a high power LED in an IBBCEAS experiment in the visible. 
Furthermore, Kern et al. (56) have demonstrated the use of LEDs in a LP-DOAS system, which 
traditionally have used arc lamps as light sources. 
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Mirror reflectivities: The sensitivity of the instrument is determined by the reflectivity losses per pass 
(1-R) as long as other losses are small in comparison. Higher mirror reflectivities or longer cavity 
lengths do not necessarily improve the instrument’s sensitivity, especially in the near UV, where 
increasing losses caused by extinction processes in the sample become significant. It is therefore 
important to compare the value of (1-R) ≈ 0.0006 of the present chamber B setup with typical losses 
per pass due to extinction processes occurring in the atmosphere around 360 nm. At this wavelength, 
Rayleigh scattering causes an extinction of roughly 8×10-7 cm-1 (57) in air, while a typical extinction 
value based on Mie scattering in a polluted urban atmosphere is roughly 1×10-6 cm-1 (58). These 
values correspond to losses per pass of about 0.0004 and 0.00045, respectively, for the present cavity 
and are still smaller than the value of (1-R) for chamber B experiments. Hence, Rayleigh scattering 
losses did not affect the measurements with the longer cavity. 
The losses per pass of highly abundant gases with reasonably large cross-sections in the near UV 
(λ>350 nm) are generally small in comparison with (1-R) under normal atmospheric conditions 
without unusually large pollution levels including aerosols. For instance, in order to significantly 
shorten the effective pathlength by 10% and hence affect the sensitivity of a potential field device, 
NO2 mixing ratios would have to be on the order of ~100 ppbv. The error in the retrieval of the HONO 
mixing ratio will, however, generally increase with increasing NO2/HONO concentration ratios. 
Deeper in the UV the losses per pass due to absorption by ubiquitous gases, such as ozone, are also not 
necessarily negligible and need to be considered in the design of an IBBCEAS instrument. For 
instance, 72 ppbv of ozone produce a loss per pass of approximately 0.01 in a resonator of 5 m length 
around its absorption maximum at 255 nm. For this scenario mirror reflectivities of R>0.99 or 
resonators longer than 5 m will worsen the signal-to-noise ratio and hence the sensitivity of the setup if 
a molecule other than ozone is of interest. 
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Generally, the sensitivity enhancement of IBBCEAS in comparison with single pass absorption setups 
is larger at longer wavelengths, where Rayleigh scattering is reduced, and in clean atmospheres where 
aerosol losses are small.  
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Table 1. Parameters nHONO, nNO2, a, and b, and their associated fit uncertainties for different spectral fit 
windows (cf. eq 2) applied to measurements with chamber A. The values in bold correspond to the fit 
shown in Figure 3.   
 
Range 
[nm] 
nHONO 
[1011 molecule cm-3] 
2NOn  
[1011 molecule cm-3]
a 
[10−9 cm-1 nm-1] 
b 
[10−6 cm-1] 
366 – 371 9.7 ± 0.1 13.4 ± 1.0 18.8 ± 1.0 −6.9 ± 0.4 
366 – 375 9.7 ± 0.2 10.6 ± 0.7 9.2 ± 1.2 −3.2 ± 0.4 
366 – 378 9.1 ± 0.2 10.6 ± 0.6 5.6 ± 1.1 −1.9 ± 0.4 
371 – 380 10.0 ± 1.0 11.1 ± 0.4 3.0 ± 0.6 −0.9 ± 0.2 
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Figure 1. Schematic diagram of the experimental setup where LED is the light emitting diode, CCD is 
the charged coupled device, M is a metallic mirror, M1 and M2 are the high reflectivity dielectric 
mirrors centered at ca. 365 nm, F is a bandwidth filter, and P (chamber A) is a pressure gauge. The 
cavity length was 1.15 and 4.5 m for the two different gas chamber used in this study. 
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Figure 2. a) LED emission spectrum; b) filter transmission; c) Effective mirror reflectivity (smoothed) 
determined in chamber A and B experiments; d) empty cavity transmission spectrum (chamber A); e) 
HONO cross-sections by Stutz et al. (24); f) NO2 cross-sections by Burrows et al. (25). Panels c) and 
d) refer to measurements with chamber A only. 
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Figure  3. Upper panel: Absorption coefficient of a mixture of HONO and NO2 (solid circles) from 
364 nm to 378 nm measured with chamber A at ca. 25 mbar pressure using an acquisition time of 20 s 
(for details see experimental section). The red line was determined by a non-linear least square fit of 
eq 2 to the measured data. The number densities for HONO and NO2 found in the fit were 
(9.1 ± 0.3)×1011 cm-3 and (10.6 ± 0.7)×1011 cm-3, respectively. The linear background found in the fit 
is indicated by a straight dashed line (a = 5.67×10–9 cm–1 nm–1, b = –1.89×10–6 cm–1). The dotted 
spectra represent the absorption coefficients of HONO and NO2 according to their contributions to the 
overall fit. Lower panel: Absolute residuals of the fit, Δα. 
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Figure  4. Upper panel: Absorption coefficient of a mixture of HONO and NO2 (solid circles) from 
362 nm to 379 nm measured with chamber B at ca. 1010 mbar using an acquisition time of 10 min. 
The red line was determined by a non-linear least square fit of eq 2 to the measured data. The number 
densities for HONO and NO2 found in the fit were (67.4 ± 1.2)×109  molecule cm-3 and 
(58.2 ± 0.4)×1011 molecule cm-3, respectively. The linear background found in the fit is indicated by a 
straight dashed line (a = 1.61×10–10 cm–1 nm–1, b = –53.3×10–9 cm–1). The dotted spectra represent the 
absorption coefficients of HONO and NO2 according to their contributions to the overall fit. Lower 
panel: Absolute residuals of the fit, Δα. 
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